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ABSTRACT 
Fat quality is important in sausage products and can be altered through the swine diet or 
at the processing level. The ethanol by-product dried distillers grains with solubles (DDGS) 
continues to be used widely in swine diets and is known to affect pork fat quality. Changes in 
swine diet or inclusion of oil into sausage products during formulation is also becoming more 
common as consumers desire more unsaturated fat, which may be beneficial to human health. 
Although these changes in fat quality may be healthier for consumers or more economical for 
producers, the increased unsaturation of fat may be detrimental for sausage quality. Fresh and 
smoked sausage treatments were arranged in a 2 x 2 factorial with the effects of diet (50% 
DDGS or control) and inclusion of corn oil during processing (0% and 14% pork fat 
replacement). Bologna sausage was manufactured to study only the effects of diet. Processing, 
texture, sensory, visual, and storage stability characteristics were evaluated. Effects on 
processing yields varied with sausage products as fresh and smoked sausage had decreased cook 
losses with fat from pigs fed DDGS while bologna with fat from pigs fed DDGS had increased 
cook loss compared to control. Both DDGS fat and oil inclusion resulted in softer texture of 
fresh and smoked sausage, while bologna texture was not affected. Sensory evaluation revealed 
no differences in juiciness or off-flavor between treatments in any of the sausage products. 
Visually, fresh sausage with oil was lighter colored with more fat smearing compared to product 
without oil included. Oil inclusion in smoked sausage also decreased fat particle size and fat 
distribution as well as resulted in a lighter external sausage color. Lipid oxidation levels 
increased over fresh sausage frozen storage, but all treatments remained below the detection 
level of consumers through 15 weeks of frozen storage. Overall, changes in fat quality minimally 
affected sausage quality and would likely provide acceptable product to consumers. 
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CHAPTER 1: REVIEW OF LITERATURE 
INTRODUCTION 
 Pork is the most widely consumed meat in the world with the majority in the U.S. 
consumed as processed products, including ham, bacon and sausage. In the United States, 19.8% 
of pork is consumed as a sausage product, such as bratwurst, frankfurters, and fermented 
sausages (National Pork Board, 2010). Sausages contain up to 30% fat, which is important in the 
processing, textural, and sensory characteristics of sausage products. However, fat is one of the 
most variable raw materials in sausage as fat quality can be altered in a variety of ways, 
including swine feed ingredients and use of different fat sources during product formulation. 
Thus, as a crucial ingredient in sausage products, it is important to understand how changes in fat 
quality affect finished product quality, including processing losses and consumer acceptability. 
There is limited research available, however, regarding the effects of fat quality on processing, 
textural, and sensory characteristics in different sausage products. 
MEASURING FAT QUALITY 
Although several factors contribute to fat quality, the quality of fat is dependent on 
firmness, also known as fat consistency, which is largely determined by fatty acid profile- the 
percentage of individual fatty acids that comprise the fat.  (Davenel, Riaublanc, Marchal, & 
Gandemer, 1999; Hugo & Roodt, 2007).  Individual fatty acids differ due to the length of the 
carbon chain and number of double bonds present in the fatty acid. Fatty acids without any 
double bonds, or saturated fatty acids (SFA), are more solid at room temperature and have a 
greater melting point than unsaturated fatty acids (UFA), which contain at least one double bond 
in the carbon chain. Moreover, as the number of double bonds increases, fat becomes more 
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unsaturated with a decreased melting point and softer consistency at room temperature. Thus, 
individual fatty acids are often grouped as SFA, monounsaturated fatty acid (one double bond, 
MUFA), or polyunsaturated fatty acid (multiple double bonds, PUFA). Total SFA, MUFA, and 
PUFA content as well as the ratios between fatty acid, especially SFA:PUFA, are often used to 
determine fat quality with greater levels of saturation indicating more desirable quality and 
increased unsaturation suggesting a softer, more oily, and undesirable fat quality.  
Although fatty acid profile can be used for determining fat quality, the industry most 
commonly uses iodine value (IV) as a more standard approach. Iodine value are a measurement 
of the degree of unsaturation of fatty acid bonds, with greater values indicating a more 
unsaturated fat. An IV can be determined or predicted by three different analyses: direct IV 
assay, calculation of IV through fatty acid profile, and  near-infrared analysis of fat tissue 
(DeRouchey, Tokach, Dritz, Goodband, & Nelssen, 2010). In the direct IV assay, iodine binds to 
unsaturated fatty acid bonds, and the level of bound iodine is determined as g iodine/ 100 g fat. 
Although considered the true IV measurement, this assay is complicated and lengthy which is 
not ideal in an industry setting. Therefore, iodine values can also be predicted by calculations 
using individual fatty acid content and equations. Indivudal fatty acid content is determined by 
extracting lipid and quantifying fatty acid percentages using gas chromatography (GC). Specific 
fatty acids are then used in an equation to predict IV. The equation from the American Oil 
Chemists’ Society is widely accepted and is as follows: (0.95*C16:1) + (0.86*C18:1n-9) + 
(1.732*C18:2n-6) + (2.616*C18:3n-3) + (1.795*C20:1) + (0.723*C22:1) (AOCS, 1998). Other 
equations have been developed and include additional fatty acids not taken into consideration by 
the AOCS IV equation. Recently, Meadus, et. al., (2010) developed the equation of (0.95*C16:1) 
+ (0.86*C18:1) + (1.732*C18:2) + (2.616*C18:3) + (0.795*C20:1) + (1.57*C20:2) + 
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(2.38*C20:3) + (3.19*C20:4) + (4.01*C20:5) + (2.93*C22:4) + (3.66*C22:5) + (4.64*C22:6). 
These new equations may provide more accurate estimates of fat quality based on iodine value 
and are becoming more popular. Overall, determining IV from fatty acid profile is less 
complicated than the true chemical assay, but it is still time consuming and expensive. A more 
recent method using near-infrared (NIR) analysis can rapidly predict IV of carcass fat 
(DeRouchey, et al., 2010; Sorensen, Petersen, & Engelsen, 2012). This method uses a 
spectroscopy-equipped probe capable of being used in an industry setting at line speed. 
Technology such as NIR spectroscopy provides fat quality estimation much quicker than true 
chemical IV assay or gas chromatography and has a high correlation to chemically determined 
IV. This equipment is not being widely used and requires proper calibration for accurate results, 
but NIR would save time and money for processors and is a promising technology (Sorensen, et 
al., 2012). Because diet greatly influences fat quality, dietary iodine value product  (IVP) of 
swine diets may be used as a predictor of a diet’s effect on fat quality. Dietary IVP have been 
correlated to backfat iodine value and typically uses the equation of (IV of dietary lipid) x 
(percent dietary lipid) x 0.10 = IVP (Bergstrom, Tokach, Nelssen, Dritz, Goodband, et al., 2010).  
Through the IVP equation, producers can predict the effects of certain diets on carcass fat quality 
which would be advantageous when considering alternative feed ingredients or attempting to 
alter IV of swine fat.  
Because IV is the most common pork fat quality measurment, many processors have set 
maximum acceptable IV value of fat ranging between 70 and 75 (DeRouchey, et al., 2010). 
Iodine values above this level are considered undesirable, especially in terms of bacon 
processing. Fat depots can differ in IV with jowl fat generally being more saturated and having 
reduced IV than backfat or belly fat (Benz, 2008). This proves a challenge for processors as jowl 
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fat is the most accessible fat depot and most commonly used yet it underestimates the IV of other 
carcass fat depots.  
Other measurements of fat quality include refraction index, melting point, slip point, fat 
score and color as well as the use of rapid analyses, such as penetrometer, texture analyser, 
nuclear magnetic resonance (NMR), and various fiber-optic methods (Hugo & Roodt, 2007). 
Belly firmness score is also indicative of fat unsaturation with greater belly flop measurements 
indicating a firmer, more saturated belly (Leick, Puls, Ellis, Killefer, Carr, et al., 2010; Whitney, 
Shurson, Johnston, Wulf, & Shanks, 2006). Although these measurements can be used to 
describe fat quality in pork, IV remains the most common industry measurement. Other analyses 
are not well standardized  and can be confounded by other factors, such as fat thickness.  
Individual  fatty acids have also been associated with fat quality traits in fresh pork 
(Hugo & Roodt, 2007).  Backfat firmness, or fat consistency, is greatly influenced by C18:0 and 
C16:0;  increasing concentrations of C16:0 and C18:0 are correlated with firmer fat. In contrast, 
increased levels of C18:2 lead to less desirable fat quality (Hugo & Roodt, 2007). Determining 
an individual fatty acid requires the same analysis as determining the entire fatty acid profile, 
thus using a calculated IV or the fatty acid profile can be a more comprehensive indicator of fat 
quality.  
 Fat quality can greatly affect lipid oxidation leading to rancid flavor and odor 
development in meat products. Lipid oxidation is the chemical reaction involving the abstraction 
of hydrogen from a fatty acid double bond and formation of a free radical (Gray, Gomma, & 
Buckley, 1996; Kanner, 1994). The combination of oxygen and free radicals leads to the 
production of hydroperoxides which decompose into a variety of volatile compounds. These 
volatile compounds are responsible for rancid flavor and odor in food products. Lipid oxidation 
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is an autocatalytic reaction that accelerates as more radicals and hydroperoxides are generated 
leading to increased oxidation during storage. Because the oxidation process targets unsaturated 
fatty acids, fat with high PUFA concentration is more prone to oxidation during storage. 
Thiobarbituric acid reactive substances (TBARS) test is common assay that detects lipid 
oxidation by-products, specifically malondialdehyde (MDA). Another common predictor of lipid 
oxidation is through the measurement of peroxide intermediates. However, lipid oxidation can be 
accelerated or slowed down from either prooxidants or antioxidants, respectively. Therefore, 
measuring lipid oxidation can predict the storage stability of fat but should not be used to predict 
fat quality as other factors contribute to rate of lipid oxidation. Limits for TBARS have been 
suggested at 0.5 mg MDA / kg of meat for threshold of consumer detection of rancidity (Gray & 
Pearson, 1987). However, an acceptable limit for TBARS may be 1.0 mg MDA/ kg for sausage 
products (Bloukas, Paneras, & Fournitzis, 1997). 
IMPORTANCE OF FAT QUALITY 
 In fresh pork, fat contributes to flavor, juiciness, and texture. In addition, changes in fatty 
acid profile may be responsible for subjective firmness and sensory tenderness differences of 
pork loin chops (Leick, et al., 2010; Teye, Sheard, Whittington, Nute, Stewart, et al., 2006). 
Firmness and tenderness scores were decreased in pork chops with more unsaturated fat 
compared to chops with  more saturated fat. Moreover, shoulder firmness was found to have a 
positive correlation with SFA content and negative correlations with UFA and PUFA contents 
(Teye, Wood, Whittington, Stewart, & Sheard, 2006). Fat quality can also alter storage stability 
of fresh pork. The generation of off-flavors, off-odors, and discoloration from lipid oxidation 
drastically reduces the consumption and acceptability of fresh pork. Because lipid oxidation is 
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dependent on the level of unsaturation, a greater proportion of MUFA and PUFA can increase 
deterioration of fresh pork.  
 Fat quality is important for sensory characteristics and processing yields in processed 
pork products, which contain greater levels of fat and are often considered value-added products 
due to their increased economic value and shelf-life. One of the most valuable pork products is 
bacon, and desirable fat quality is crucial for acceptable bacon quality. During bacon processing, 
use of  thick, firm pork bellies results in minimal processing losses and desirable appearance and 
palatability (Browne, Apple, & Yancey, 2011). Soft pork bellies containing more UFA result in 
decreased cook yields, slicability, shelf-life and consumer acceptance as well as increased 
fabrication difficulties and defects (Browne, et al., 2011). Bacon with increased levels of UFA 
lose a greater percentage of fat during smoking due to the decreased melting point of fat and can 
be more easily stretched and deformed. Although processors can alleviate fabrication difficulties 
by slicing bacon at colder temperatures, this is not a solution to all issues associated with soft 
bellies, especially storage stability as lipid oxidation is accelerated with increased UFA levels 
(Kanner, 1994).  
 Although bacon is considered one of the most valuable pork products, sausage products 
are also valuable pork products as they are widely consumed in a variety of forms around the 
world. Similar to bacon which contains 30-40% fat content, sausage products are also composed 
of a high level of fat, which can be up to 30%. Fat is important in sausage products for binding or 
textural properties, processing yields, sensory characteristics, and storage stability.  Binding 
properties of fat are most easily recognized in emulsion-type sausages, such as frankfurters or 
bologna. Fat quality of these products determines emulsion stability and consequently affects 
water holding and bind capacity, processing yields, juiciness, and texture of the product (Acton, 
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Ziegler, Burge, & Froning, 1982). An increase in unsaturation or lower melting point can lead to 
poor emulsion stability, processing losses, and undesirable texture of sausages. Moreover, 
complete breakdown of an emulsion results in product defects, such as fatting-out or fat caps, 
and economic losses for the processor.  
The low melting point of unsaturated fat affects the quality of fermented sausages as soft 
fat can exude during processing and prevent adequate drying after coating the meat or casing  
(Gandemer, 2002; Severini, De Pilli, & Baiano, 2003). Dry-cured products with soft fat have 
issues with cutting or slicing due to reduced cohesiveness and separation between fat and muscle 
(Gandemer, 2002). In fresh sausage, such as bratwurst or breakfast sausage, increased 
unsaturation of fat can cause a softer, undesirable texture and fat smearing (Legan, White, 
Schinckel, Gaines, & Latour, 2007; Varnold, 2009). Fat smearing is a defect observed in fresh 
sausage in which fat particles are not well-defined and have coated the lean particles. Increased 
friction during processing of unsaturated fats, decreased melting point, and overall more oil-like 
nature leads to the destruction of defined fat particles and fat smearing.  
Ground processed products are also more prone to lipid oxidation than fresh products due 
to disruption of tissue during processing and increased contact with pro-oxidants such as salt, 
iron, and air. Heating, emulsifying, and addition of spices can act as catalysts for lipid oxidation 
(Kanner, 1994). Therefore, poor fat quality in sausage products can be more detrimental than 
fresh products due to excessive lipid oxidation resulting in unpleasant sensory characteristics. In 
a study with differing levels of PUFA, pork sausage with increased PUFA was oxidized to a 
greater extent than fresh pork with high concentrations of saturated fat (Bryhni, Kjos, Ofstad, & 
Hunt, 2002). However, spices and nitrite of certain sausage products can act as antioxidants and 
slow lipid oxidation. Furthermore, not all lipid oxidation is undesirable as lipid oxidation in 
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many dry-cured meat products is responsible for forming characteristic aroma and flavor volatile 
compounds (Gandemer, 2002).   
ALTERING FAT QUALITY 
Mechanism 
 In swine, fatty acids in adipose tissue are produced endogenously or incorporated from 
the diet. De novo fat synthesis only produces saturated and monounsaturated fatty acids; C16:0 
and C18:1 are the primary fatty acids synthesized. Because PUFA are not produced by the 
animal, any changes in PUFA content are a result of the PUFA in the diet   
(Enser, Richardson, Wood, Gill, & Sheard, 2000). When PUFA are consumed by swine, they are 
incorporated into fat tissue. Moreover, high dietary PUFA has the ability to reduce enzyme 
activity associated with fat synthesis and, therefore, decrease de novo fat synthesis and total SFA 
content of fat (Hallenstvedt, Øverland, Rehnberg, Kjos, & Thomassen, 2012). Thus, increased 
unsaturation of pork fat occurs from a greater incorporation of PUFA from the diet and 
decreased production of SFA endogenously. Although fat quality can be altered by the diet, other 
conditions in the live animal including sex, breed, rearing condition, growth promotants, and age 
can also affect fat quality (Hugo & Roodt, 2007).  Diet, however, is one of the most variable 
factors as swine feed ingredients are constantly changing. 
Dried Distillers Grains with Solubles  
Although a variety of by-products are manufactured during biofuel production, dried 
distillers grains with solubles (DDGS), a co-product during ethanol production, is the primary 
co-product fed to livestock (Hoffman & Baker, 2011; Widmer, McGinnis, Wulf, & Stein, 2008). 
Projections indicate that ethanol production will only continue to increase in the U.S., providing 
a steady supply of ethanol co-products for livestock producers (Hoffman & Baker, 2011; 
Taheripour, Hertel, Tyner, Beckman, & Birur, 2010). Use of DDGS as a feed ingredient is driven 
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by economic advantage over corn and soybean meal, as a result 28.6 million metric tons (MMT) 
of corn and 6.7 MMT of soybean meal was replaced by DDGS in livestock diets in 2010 
(Hoffman & Baker, 2011). Therefore, the effects of DDGS on pork quality, especially fat 
quality, are important to investigate.  
Dried distillers grains with solubles has more protein than corn but less protein than 
soybean meal and provides a greater amount of gross energy from fat,  fiber, calcium, 
phosphorus and sulfur compared to corn (Hoffman & Baker, 2011; Houser, DeRouchey, Gipe, 
Goehring, Hillyard, et al., 2008; Stein & Shurson, 2009). Dried distillers grains with solubles 
contains a greater concentration of fatty acids in the form of linoleic acid (C18:2) compared to 
corn, which when incorporated into adipose tissue increases IV of fat. It has been determined 
that IV will increase 2 g/100 g for every 10% of DDGS included into finishing swine diet 
(Houser, et al., 2008). As reviewed by Stein and Shurson (2009), DDGS generally has no effect 
on growth performance, carcass dressing percentage or carcass lean percentage, backfat 
thickness, or loin depth. However, it is well-established that fat IV and the prevalence of poor 
belly firmness scores are increased by feeding DDGS (Houser, et al., 2008; Whitney, et al., 
2006; Widmer, et al., 2008).  
Because of these challenges, limits on DDGS inclusion have been established at 30% for 
grower pigs, grower-finisher pigs and lactating sows, 20% for finishing pigs, and 50% for 
gestating sows (Stein & Shurson, 2009). However, these limits are primarily focused on 
maintaining adequate growth performance, fresh pork quality, and bacon processing, and there 
are only a few studies available regarding the effects of feeding DDGS on subsequent sausage 
products. Feeding 100% DDGS for 14 days to cull gilts was not sufficient to change iodine value 
of fat, but SFA:UFA ratio was reduced through this DDGS feeding strategy (Legan, et al., 2007). 
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Bratwursts were then manufactured and displayed greater fat smearing, increased shape 
disfiguration, and less defined particles compared to bratwursts from gilts fed a corn diet. In this 
case, it appeared that IV was not an adequate measurement of fat quality, and fatty acid profile 
may have been a better indicator of fresh sausage quality. In another study evaluating bratwursts, 
sows were fed up to 30% DDGS (Wert, White, Augspurger, Spencer, Schinckel, et al., 2009). 
Iodine value of fat was increased from 53 to 66 by the DDGS diet; C16:0 and C18:0 were 
reduced while C18:2n-6 was increased. Although SFA: UFA was not reported in this study, 
changes in reported individual fatty acid and IV indicated a reduced SFA: UFA ratio. Visual 
evaluation of both fresh and cooked sausages scored product from pigs fed DDGS as the least 
desirable, but there was no difference in sensory evaluation of cooked bratwursts from DDGS 
product compared to control. This study also evaluated the effects of Gromega supplementation, 
which is used in sow diets for litter mortality. Gromega supplementation in addition to DDGS 
decreased IV compared to DDGS alone; moreover, sensory evaluation of this treatment 
combination resulted in greater appearance, texture, taste and overall scores indicating panel 
preference compared to DDGS alone. Gromega supplementation may be a means to negate the 
effects of DDGS in bratwurst quality (Wert, et al., 2009).  Fresh sausage from pigs fed 30% 
DDGS displayed a greater level of fat smearing and greater TBARS values after 4 weeks of 
frozen storage compared to control product (Varnold, 2009). Increased concentrations of PUFA 
and greater IV caused the reduction in pork sausage quality and shelf-life from pigs fed 30% 
DDGS.   
Feeding DDGS can effectively alter fatty acid profile of pork fat which affects texture, 
appearance, and storage stability of fresh sausage products. Only bratwursts and fresh sausage 
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patties have been investigated, and the effects of feeding DDGS on other sausage products, such 
as emulsion-type, smoked, and fermented sausages, have not been quantified.   
Dietary fat 
 Because few studies have investigated the effects of DDGS on pork sausage quality, 
using other studies which fed dietary fat to swine may be used to determine the impact of 
varying fat quality in sausage processing and sensory quality. Moreover, feeding fat to swine to 
alter fatty acid profile has increased as consumers desire less saturated fats in their diet.  
Polyunsaturated fatty acids with n-3 bonds, such as C20:5n-3 (eicosapentaenoic acid, EPA),  
C22:5n-3  (docosapentaenoic acid, DPA), and C22:6n-3 (docosahexaenoic acid, DHA) are 
considered beneficial for human health (Guillevic, Kouba, & Mourot, 2009). These long-chain n-
3 fatty acids have been primarily associated with heart health. Despite the nutritional benefits of 
increased polyunsaturated fats in the human diet, these fats may not be desirable in pork 
products, especially sausages.  
Changes in carcass fat are dependent on the level of oil included in the diet and duration 
of feeding as well as the fatty acid profile of the dietary fat. For example, including sunflower 
oil, high-oleic sunflower oil, linseed oil, and canola oil  in swine diets increased PUFA content 
and decreased SFA content of carcass fat while feeding linseed oil only increased PUFA levels  
(Realini, Duran-Montgé, Lizardo, Gispert, Oliver, et al., 2010; St. John, Buyck, Keeton, Leu, & 
Smith, 1986). Moreover, changes of total SFA or PUFA concentrations are sufficient to alter IV. 
Including soy oil in diet formulation at 0 or 31 g/kg provided a low PUFA and high PUFA diet 
with dietary IV of 55 and 90, respectively (Bryhni, et al., 2002). High PUFA diet decreased total 
SFA and total MUFA, as well as increased total PUFA content of backfat. Another study with 
dietary IVP of 48, 77, and 99 resulted in  backfat IV of 62, 78, and 86, respectively 
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(Hallenstvedt, et al., 2012). As previously discussed, iodine values greater than 70-75 are not 
accepted by some processors, and feeding unsaturated dietary fat can increase IV well above this 
limit.   
Specific fatty acids can also be altered through feeding of dietary fat. For example, there 
is a strong correlation between C18:2n-6 in the diet and this fatty acid in the outer layer of 
backfat (Hallenstvedt, et al., 2012; Houben, 1980). Feeding a diet high in n-3 fatty acids can alter 
C18:2 from a n-6 configuration to an increased n-3 configuration in pork fat, which can increase 
other n-3 PUFA through elongation and desaturation (Enser, et al., 2000; Guillevic, et al., 2009; 
Leskanich, Matthews, Warkup, Noble, & Hazzledine, 1997).  Attempts to increase n-3 PUFA in 
pork are for the perceived human health benefits resulting from consumption of these fatty acids, 
but these changes in fat quality may negatively affect sausage quality. Not only can UFA in pork 
fat increase via dietary fat, but saturated dietary fat can also affect pork fatty acid profile. 
Feeding tallow to swine maintained high levels of C14:0 and C16:0 in the fat (Realini, et al., 
2010; Shackelford, Miller, Haydon, & Reagan, 1990).  Palm kernel oil and palm oil as saturated 
dietary lipids also provided greater SFA concentrations in subcutaneous fat compared to 
soyabean oil, which is a more unsaturated fat source (Teye, Sheard, et al., 2006). These studies 
confirm the ability of the swine diet to manipulate pork fat quality, which can greatly affect pork 
sausage quality.  
 Processing yields including cook loss and product defects have been investigated in 
several sausage products from pigs fed dietary oil. No changes in cook loss were found in fresh 
sausage from pigs fed 10% safflower, sunflower or canola oil (Shackelford, et al., 1990). 
Moreover, increased PUFA content in linked sausages did not cause any processing problems, 
such as oiliness or softness (Guillevic, et al., 2009). Although it is generally thought that 
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increased unsaturation in processed products will increase cook losses, some studies have found 
opposite results. Frankfurters from pigs fed 20% canola oil had the greatest processing yields 
compared to frankfurters from pigs fed 0 or 10% canola oil (St. John, et al., 1986). Frankfurters 
from pigs fed saturated palm and palm kernel oil had greater processing losses than soyabean oil 
(Teye, Wood, et al., 2006). Both of these studies support that emulsion-type sausages may 
benefit from softer fat while firmer fat may be less suitable for desirable processing yields.  
 Texture profile analysis is an important aspect of determining sausage quality, however, 
there are inconsistent results on the effects of dietary fat on this trait. Frankfurters from pigs fed 
10 and 20% canola oil had increased cohesiveness while there were no differences in chewiness 
compared to control (St. John, et al., 1986). No differences in any frankfurter texture profile 
analysis parameter were found between pigs fed palm, palm kernel, or soyabean oil (Teye, 
Wood, et al., 2006). Fresh sausage from pigs fed unsaturated dietary oils had decreased shear 
force and increased cohesiveness compared to pigs not fed dietary oil (Shackelford, et al., 1990). 
In this same study, canola oil treatment decreased hardness and sunflower oil treatment increased 
springiness of fresh sausage compared to control.   
 Additional research has been conducted using sensory panels to evaluate texture and 
other palatability characteristics of these sausage products. Increased unsaturated fat content did 
not affect juiciness scores of frankfurters or fresh sausage (Shackelford, et al., 1990; Sheard, 
Enser, Wood, Nute, Gill, et al., 2000; St. John, et al., 1986). Texture scores of fresh sausage were 
decreased by feeding pigs safflower and canola oil while not altered when pigs were fed a high-
linseed diet (Shackelford, et al., 1990; Sheard, et al., 2000). Depending on the sausage product, 
increased levels of unsaturated fat had varying impact on firmness scores as scores were 
increased in bologna, decreased in salami, and unchanged in frankfurters (Houben, 1980; 
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Severini, et al., 2003; St. John, et al., 1986). These results agree with findings from texture 
profile analysis and support the strong association between fat unsaturation and soft textured 
sausage products.  
  Sensory evaluation of flavor and odor of sausage products with greater levels of fat 
unsaturation were either negatively affected (Bryhni, et al., 2002; Hallenstvedt, et al., 2012; 
Shackelford, et al., 1990; St. John, et al., 1986) or not altered (Sheard, et al., 2000; St. John, et 
al., 1986). This is also reflected in objective oxidation assays of either TBARS or peroxides 
(Bryhni, et al., 2002; Houben, 1980; Miller, Ahmed, Shackelford, Haydon, & Reagan, 1993; 
Severini, et al., 2003; Sheard, et al., 2000). Inclusion of high levels of antioxidant, such as 
vitamin E,  in the animal’s diet can reduce lipid oxidation (Hallenstvedt, et al., 2012; Sheard, et 
al., 2000). Thus, use of antioxidants in animal feed or product formulation may negate the effects 
of high levels of PUFA in sausage products on sensory qualities.  
 In summary, feeding dietary fat to swine can alter fatty acid profile to resemble feed 
ingredients. Although changes in fatty acid profile did affect texture, sensory and storage 
stability of sausage products, these alterations were generally of small magnitude and would not 
result in products considered unacceptable by consumers.  
Oil Inclusion in Product Formulation 
 Another method of altering fat quality in sausage products is through the addition of oil 
directly to the product formulation. This is typical when trying to reduce the amount of pork fat 
included in the product and create low-fat sausage products with reduced saturated fatty acid 
content. However, because oil is being added to the formulation, fatty acid profile is often altered 
and may affect fat and sausage quality. Fat replacement with various vegetable oils has been 
investigated in emulsion-type products (Alvarez, Xiong, Castillo, Payne, & Garrido, 2012; 
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Bishop, Olson, & Knipe, 1993; Choi, Choi, Han, Kim, Lee, et al., 2010; Hsu & Yu, 2002, 2003) 
as well as fermented products (Bloukas, et al., 1997; Muguerza, Gimeno, Ansorena, Bloukas, & 
Astiasarán, 2001). Oil can be included in liquid form or pre-emulsified (PEF) in a non-meat 
protein, and the differences in inclusion method can also affect sausage quality.  
Fatty acid profile of sausage products was effectively altered by the inclusion of oil. 
Replacing backfat with pre-emulsified corn oil in frankfurters increased C18:2 and total PUFA 
yet decreased total SFA and MUFA content compared to controls (Choi, et al., 2010). Although 
total SFA and total MUFA content were not altered in fermented sausage with PEF olive oil, 
C18:1 and C18:2 were increased and C20:0 was decreased (Muguerza, et al., 2001). This is 
likely because olive oil contains more monounsaturated fatty acids while corn oil has greater 
PUFA content.  
Increased processing yields from oil inclusion were found in frankfurters and fermented 
sausage compared to control product (Bloukas, et al., 1997; Choi, et al., 2010). Despite greater 
yields, there were more processing problems when oil was included in fermented sausage 
products including fatting out, separation of meat from the casing, and oil exuding from the 
product (Bloukas, et al., 1997; Muguerza, et al., 2001). Thus, increased unsaturation from dietary 
fat or oil inclusion may reduce processing losses. However, this advantage in processing yields is 
only realized if no processing defects occur.  
 Similar to changes in texture from feeding dietary fat, oil inclusion can affect sausage 
texture characteristics. Canola oil inclusion in frankfurters or bologna and pre-emulsified olive 
oil in Spanish fermented sausages resulted in decreased values for hardness (Alvarez, et al., 
2012; Bishop, et al., 1993; Muguerza, et al., 2001). However, emulsion-type meat balls with corn 
oil replacement had increased hardness values compared to positive control and no differences in 
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values compared to low-fat control (Hsu & Yu, 2002). No other texture profile traits were 
affected by corn oil inclusion in low-fat meat balls. Frankfurters with canola, olive, or canola-
olive oil had increased rupture force while cohesiveness and deformity were not altered (Alvarez, 
et al., 2012). These inconsistent findings are likely a result of varying fat unsaturation levels and 
different oil concentrations included in product formulation.  
 Sensory and visual evaluation of sausage products with oil inclusion generally revealed 
no difference from controls. Flavor, tenderness, juiciness, and overall acceptability scores were 
not affected by corn oil inclusion in frankfurters (Choi, et al., 2010). Although texture and flavor 
scores were also not different between bologna with corn oil and control bologna, slices may 
have been too thin for differences to be detected (Bishop, et al., 1993). Fermented sausage with 
liquid olive oil had softer texture than sausage without oil included which may be correlated to 
decreased cooking losses from oil inclusion (Bloukas, et al., 1997). Decreased subjective color 
scores were found in frankfurters with corn oil compared to controls indicating a lighter colored 
product (Choi, et al., 2010). However, color was not affected by oil treatment in fermented 
sausages (Muguerza, et al., 2001).  
Rancid flavor was either increased or not altered in fermented sausage products with oil 
included (Bloukas, et al., 1997; Muguerza, et al., 2001). Analysis of lipid oxidation through 
TBARS or peroxide values agreed with sensory evaluation. Oil inclusion in sausage products 
increased lipid oxidation measurements, but this increase may not be detectable or offensive to 
consumers (Bloukas, et al., 1997; Choi, et al., 2010). In another study, increased unsaturation 
from oil inclusion did not affect lipid oxidation; however, antioxidants in the oil may have 
prevented lipid oxidation from occurring in the bologna (Bishop, et al., 1993). Moreover, nitrites 
and spice ingredients can act as antioxidants in sausage products.  
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Including an unsaturated oil source does alter fatty acid profile and can result in softer 
texture, lighter color, and shorter shelf-life of sausage products.  However, the effects on these 
traits are variable due to the differences in the type of oil included, quantity of oil, and method of 
inclusion. Total fat content in sausage can also affect sausage quality thus the effects of oil 
inclusion in the studies above may be confounded with the reduction of total fat content in 
sausages. Therefore, when considering including oil in sausage products, it is important to 
investigate specific conditions.  If used properly, oil inclusion can be used with minimal effects 
on sausage quality.  
CONCLUSION 
 Fat quality is an important aspect of further processed pork products, especially sausages. 
Similar to fresh pork and bacon quality, sausage products rely on firm, saturated fat for desirable 
sensory, texture and storage characteristics. The effects of altering fat quality through dietary 
ingredients as well as inclusion of oil in product formulation have been discussed. Although 
some differences for various quality traits are reported, many of these differences are of little 
practical implication and would still provide satisfactory quality for consumers. There remains a 
lack of information regarding the effects of fatty acid profile and iodine value on sausage 
products such as fresh and smoked sausage. Moreover, most studies have focused on shelf-life 
and sensory characteristics of sausage products with altered fat quality and investigation of 
processing yields, visual evaluation, and texture profile can be expanded. Thus, the objectives of 
this study were to evaluate the effects of fat quality on the processing, sensory, and texture 
characteristics of fresh sausage, smoked sausage, and bologna.  
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CHAPTER 2: IMPACT OF FAT QUALITY ON SAUSAGE PROCESSING, 
TEXTURE, AND SENSORY CHARACTERISTICS 
ABSTRACT 
Fat quality is important in sausage products and can be altered through the swine diet or 
at the processing level. Fresh and smoked sausage were manufactured in a 2 x 2 factorial 
arrangement with the effects of diet (50% dried distillers grains with solubles (DDGS) or 
control) and inclusion of corn oil during processing (0% and 14% pork fat replacement). 
Bologna sausage was manufactured to study only the effects of diet. Processing, texture, sensory, 
visual, and storage characteristics were evaluated. Effects on processing yields varied with 
sausage products. Both DDGS fat and including oil during processing resulted in softer texture 
of fresh and smoked sausage, while bologna texture was not affected. Visually, fresh sausage 
with oil was lighter colored with more fat smearing. Lipid oxidation levels remained below the 
detection level of consumers. Overall, changes in fat quality minimally affected sausage quality 
and would likely provide acceptable product to consumers. 
 
HIGHLIGHTS 
 Fatty acid profile of sausage products was effectively altered. 
 Effects on processing yields varied with sausage product. 
 Lipid oxidation was increased but remained below detection level. 
 Changes in sausage quality were minimal and would be acceptable to consumer.  
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INTRODUCTION 
 In the United States, 19.8% of pork is consumed as a sausage product, such as bratwurst, 
frankfurters, and fermented sausages (National Pork Board, 2010). Fat is one of the most 
variable raw materials in sausage products, makes up a large percentage of sausage composition, 
and is important in the processing, texture, and sensory characteristics of sausage products. Thus, 
changes in fat quality which could affect subsequent sausage quality are important to understand. 
Changes in fat quality can occur a variety of ways, including swine feed ingredients and changes 
in fat source during product formulation; however, there is limited research available regarding 
the effects of fat quality on processing, textural, and sensory characteristics in different sausage 
products. 
The use of distillers dried grains with solubles (DDGS) in swine diets is projected to 
continue to be an important feed ingredient for pork productin in the coming years (Hoffman & 
Baker, 2011). As reviewed by Stein and Shurson (2009), DDGS inclusion which does not exceed 
the established limitations does not affect on growth performance and  carcass quality. These 
limitations are 20% for finishing pigs, 30% for grower pigs and lactating sows, and 50% for 
gestating sows. Limited research, however, has focused on the effect of feeding DDGS on 
sausage quality. Some researchers have found sausage products from pigs fed DDGS had 
increased fat smearing, increased product disfiguration, negatively affected sensory traits, and 
decreased storage stability (Legan, White, Schinckel, Gaines, & Latour, 2007; Varnold, 2009; 
Wert, White, Augspurger, Spencer, Schinckel, et al., 2009). These changes are a result of the 
increased fat unsaturation from feeding increased PUFA, specifically C18:2, found in DDGS.  
Feeding dietary fat also has the ability to alter fat quality and subsequent sausage quality. 
This practice may offer human health benefits if a greater proportion of PUFA, especially long-
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chain n-3 PUFA, is incorporated in pork fat. However, feeding pigs increased PUFA 
concentrations led to softer texture of fresh sausage and salami (Severini, De Pilli, & Baiano, 
2003; Shackelford, Miller, Haydon, & Reagan, 1990). Lipid oxidation was also increased in 
sausage products with greater fat unsaturation levels (Bryhni, Kjos, Ofstad, & Hunt, 2002; 
Hallenstvedt, Øverland, Rehnberg, Kjos, & Thomassen, 2012; St. John, Buyck, Keeton, Leu, & 
Smith, 1986). However, there were few processing problems or alteration of processing yields 
reported when fat unsaturation was increased from feeding dietary fat to pigs (Guillevic, Kouba, 
& Mourot, 2009; Shackelford, et al., 1990). Processing yields were even improved in 
frankfurters from pigs fed 20% canola oil compared to control frankfurters (St. John, et al., 
1986).  
 Replacement of pork fat with oil during product formulation also affects fat quality but is 
typical when attempting to create low-fat sausage products with increased PUFA concentrations. 
Addition of oil in fermented sausage caused processing problems, such as fatting out, oil exuding 
from product, and separation of meat from sausage casing (Bloukas, Paneras, & Fournitzis, 
1997; Muguerza, Gimeno, Ansorena, Bloukas, & Astiasarán, 2001). If these problems can be 
avoided, however, there is potential for increased processing yields from oil inclusion in sausage 
products (Bloukas, et al., 1997; Choi, Choi, Han, Kim, Lee, et al., 2010). There are variable 
effects on sausage texture from oil inclusion with a general trend for softer texture (Alvarez, 
Xiong, Castillo, Payne, & Garrido, 2012; Bishop, Olson, & Knipe, 1993; Muguerza, et al., 
2001). Increased fat unsaturation from oil inclusion also increased off-flavor and TBAR values 
indicating greater lipid oxidation (Bishop, et al., 1993; Bloukas, et al., 1997).  
 Few studies have comprehensively investigated the effects of fat quality on processing 
yields, sensory and visual evaluation, and texture profile characteristics of various sausage 
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products.  The objectives of this study were to evaluate the effects of fat quality on various 
quality characteristics in fresh sausage, smoked sausage, and bologna.  
MATERIALS AND METHODS 
Animals 
 The protocol for this study was approved by the University of Illinois Institutional 
Animal Care and Use Committee. To alter fat iodine value (IV), cull sows were fed experimental 
diets for 42 days prior to slaughter. Control sows (n=2) were fed an ad libitum amount of corn-
soy diet free of DDGS, while other sows (n=3) were fed 3.2 kg/day of a 50% DDGS diet. Diets 
were isocaloric and formulated to meet NRC requirements.  At the ending of the feeding period, 
sows were transported to the University of Illinois Meat Science Laboratory and slaughtered 
under humane practices. 
Raw Materials 
 Internal, subcutaneous and intermuscular fat tissue, free of visible lean, was collected 24 
hours postmortem from each carcass. Subcutaneous and intermuscular fat were combined for 
each carcass to generate fat trim. Lean tissue with minimal visible fat was pooled from all 
carcasses to obtain a homogenous, unbiased lean source. Fat trim from each carcass and pooled 
lean tissue were coarse ground separately though a 1.27 cm plate. Two 20 gram subsamples of 
fat from each carcass and 5 lean tissue subsamples (30 g) from the pooled lean source were 
collected for proximate composition and fatty acid analysis. Internal fat was not ground but two 
twenty gram subsamples per carcass were collected for proximate composition and fatty acid 
analysis. While analyses were being conducted, fat was held in vacuum packages and lean was 
held in oxygen permeable packages at 4˚ C.  
 
25 
 
Formulation 
 Raw master batches were formulated using IV calculations and lipid content 
determination (Table 1). Target IV of raw materials were less than anticipated; thus, corn oil was 
included to increase the degree of unsaturation in products. Fat treatments for smoked sausage 
and fresh sausage were created in a 2 X 2 factorial arrangement with factors being fat source 
(DDGS or control) and oil inclusion (0 or 14% fat replacement). These treatment combinations 
were formulated to achieve target iodine values of 68, 75, 75, and 82 for control, control + oil, 
DDGS, and DDGS + oil, respectively. Four master batches for each treatment combination were 
formulated to have 25% fat content. Lean tissue, fat trim, and oil, if applicable, were mixed using 
a Hobart mixer-grinder (Model 4346, Hobart Corp., Troy, OH). Approximately 27 kg from each 
master batch was then ground using a 3.18 mm grinder plate and used for smoked sausage. 
Remaining product in the mixer was designated for fresh sausage and ground through a 4.76 mm 
grinder plate. Temperatures were recorded after grinding. 
 Oil treatment was excluded from bologna processing, thereby a completely randomized 
design (CRD) was created with two treatments, control and DDGS, with target IV values of 65 
and 75, respectively. Master blends of lean and fat were not generated. Instead, a new unbiased 
lean source was collected, coarse ground through a 2.54 cm grinder plate, then mixed and fine 
ground through 4.76 mm grinder plate. Fat trim and internal fat from each treatment was also 
coarse ground (2.54 cm) and then fine ground (4.76 mm). 
Fresh Sausage Processing 
Each treatment combination was replicated four times using 6.8 kg batches. Batches were 
mixed in a reverse action mixer (Mainca model RM-90, Mainca USA, Saint Louis, MO) with 
spices, including salt, and water. Temperatures were recorded after mixing and a 50 g sample 
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was obtained for proximate composition, fatty acid profile analysis, water holding capacity and 
benchtop pH analyses. Batter was vacuum stuffed (Handtmann stuffer Model # VF 80, Biberach, 
Germany) into 4 x 3 x 26 poly-bag, oxygen impermeable casings, and samples were identified by 
securing a tag to the end of the casing. After all fresh sausage chubs were stuffed, chubs were 
frozen at -20˚ C. Patties (1.27 cm thick) were cut while frozen on a Biro bandsaw (Model 3334, 
The Biro MFG Company, Marblehead, OH).  Patties were collected for texture profile analysis 
(n=2), break strength (n=2), visual evaluation (n=1), and sensory evaluation (n=1). Additionally, 
four patties were collected to evaluate shelf-life at 2, 5, 10 and 15 weeks of frozen storage. 
Patties were uniquely identified, separated by patty paper, and stored in boxes lined with oxygen 
permeable plastic at -20˚ C until analyses were conducted  
Smoked Sausage Processing 
 Each treatment combination was replicated four times using 6.8 kg batches. Batches were 
mixed in reverse action mixer (Mainca model RM-90, Mainca USA, Saint Louis, MO) with salt, 
spices and water. Temperatures were recorded after mixing and a 50 g sample was obtained for 
proximate composition, fatty acid, water holding capacity and benchtop pH analyses. Batter was 
vacuum stuffed (Handtmann stuffer Model # VF 80, Biberach, Germany) into natural casings 
and identified. A green weight was collected by weighing all stuffed links per batch. Raw length 
and diameter measurements were collected on the first 10 links in each batch. Sausages were 
smoked in an Alkar smokehouse (Lodi, WI) to an internal temperature of 76.7˚ C. After a cool 
shower rinse, all smoked sausages in each batch were weighed together to determine cook loss. 
Sausages were then chilled at 2˚ C for 24 hours and reweighed to determine chill loss. After 
chilling, length and diameter measurements were collected on the same links to determine size 
and shape changes. Links were randomly collected for texture profile analysis (n=2), shear force 
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(n=2), visual evaluation (n=2), sensory evaluation (n=1), and smoked proximate composition 
(n=1). Samples were identified, vacuum packaged, and held at 4˚ C until analyses were 
conducted.   
Bologna Processing 
 Each treatment was replicated four times. For each replicate, 4.76 kg of lean and 2.04 kg 
of fat were weighed out to obtain a 70:30 lean to fat ratio. Lean tissue was blended on low in a 
bowl chopper (Meissner Maschinen Wallau Model #3560, Model and Maschinenfabrik Meissner 
and Co., Wallau, Germany) with spices and 340 grams of ice water for two minutes to allow 
sufficient protein extraction. Fat tissue and an additional 340 grams of ice were added, blade 
speed was increased to high, and batter was chopped until a bowl chopper reading of 14˚ C. 
Batter was removed from the bowl chopper, and the batch temperature was recorded.  Bologna 
batter was stuffed into a 3.5 cm fibrous casing using a Handtmann stuffer (Model # VF 80, 
Biberach, Germany). Two chubs were stuffed for each batch and identified.Chubs were weighed 
and raw length and diameter were measured. Two samples (50 g) of batter were also collected 
for proximate composition, pH, drip loss, and fatty acid analyses. Bologna was cooked in an 
Alkar smokehouse (Lodi, WI) to an internal temperature of 63˚ C then chilled at 2˚ C overnight. 
Cooked bologna were weighed and measured to determine cook loss and changes in diameter or 
length. Also, bologna were inspected for treatment-related defects before slicing. Two slices 
(0.32 cm thick) for sensory evaluation were collected, and slices (2.54 cm thick) for texture 
profile analysis (n=1), break strength (n=2), shear force (n=1), and cooked proximate 
composition (n=1) were collected. Samples were vacuum packaged and stored at 4˚ C until 
analyses were conducted.  
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Fatty Acid Analysis  
 Fatty acid analysis was conducted on internal and pooled subcutaneous and intermuscular 
fat materials from each carcass for formulation as well as on final raw products. Both internal 
and subcutaneous/intermuscular fat samples were pulverized into a powder using liquid nitrogen 
in a Waring blender (Model 151BL31, Waring Comm., Torrington, CT). To extract fatty acid 
methyl esters (FAME), the official methods of AOCS (1998) Ce 2-66 were used (Appendix A). 
Analysis of FAME was conducted using gas chromatography according to the methods of 
(Tavárez, Boler, Carr, Ritter, Petry, et al., In review). Iodine values were determined using the 
equation of AOCS (1998).  
 Final raw products were composed of lean and fat tissue and required lipid extraction 
before FAME extraction was conducted. Raw samples from smoked sausage, fresh sausage and 
bologna batters were weighed (1.5 g) into glass extraction tubes with 17 ml of methanol:water 
solution (3.5:1), 12 ml of chloroform, and 1 ml 10% salt solution. Samples were homogenized 
for 30 seconds using a Brinkmann homogenizer (Model PT 10/35, Brinkmann Instruments Inc., 
Wesbury, NJ) and allowed to separate overnight at 4˚ C. The bottom layer containing chloroform 
and lipid was aspirated and transferred to a 15 ml glass screw-cap tube. Chloroform was 
evaporated using nitrogen gas for 30 minutes. The above FAME procedure was then performed 
on 90 µl of extracted lipid to determine iodine value of final products.  
Proximate Composition 
 Moisture and lipid content was determined on fat and lean raw materials for formulation, 
as well as final raw and cooked products according to the chloroform: methanol extraction 
methods of  Novakofski et al. (1989). Raw material and cooked product samples were ground 
and homogenized using a Cuisinart Food Processor (Model CU1 CFP-7BC, Cuisinart, East 
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Windsor, NJ). Moisture content was determined after 24 hours in a drying oven at 110˚ C. Lipid 
was extracted with a series of washes using an azeotropic mixture of chloroform and methanol 
and samples were weighed to determine lipid content.  
Color 
Color was objectively measured on the center of fresh sausage patties, bologna slices, and 
smoked sausage links (both internal and external) using a Minolta chromameter (Model CR-400, 
D65 light source, 0˚ observer, and 8 mm aperture size; Minolta Camera Company, Osaka, Japan) 
according to CIE (1978) to obtain L*, a*, and b* scores. Color evaluation was conducted on one 
sample per replicate. 
Thiobarbituric Acid Reactive Substances (TBARS) 
Fresh sausage patties were randomly assigned to frozen storage periods of 2, 5, 10 or 15 
weeks postmortem.  Fresh sausage patties were manufactured 10 days postmortem and then 
frozen at -20 ˚ C for four days. Patties were then sliced and stored frozen in boxes lined with 
oxygen permeable plastic for the remaining storage period. Patties collected on the day of slicing 
represent the 2 week samples.  
At the end of each storage period, samples were thawed to room temperature and 
homogenized in a Cuisinart Food Processor (Model CU1 CFP-7BC, Cuisinart, East Windsor, 
NJ). Five gram samples were weighed in duplicate and analysis of lipid oxidation was conducted 
according to the methods of Leick et al. (2010). An additional point in the standard was created 
to provide a standard curve with 0, 0.625, 1.25, 5.0 and 7.5 mg of malondialdehyde (MDA) / ml. 
Samples were incubated at 24˚ C without exposure to light for 18 hours. Following incubation, 
150 µl of sample was plated into a 96 well plate and read at 530 nm using a spectrophotometer 
(Synergy HT Multi-Mode Microplate Reader, BioTek, Winooski, VT).  
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Break Strength 
 Break strength was measured on entire cooked fresh sausage patties and bologna slices. 
Patties were cooked at 177 ˚C for 14 minutes in a South Bend convection oven (Model V-15, 
South Bend, IN) then cooled at 4˚C for 45 minutes. Cook loss was determined on the fresh 
sausage by weighing two patties per replicate before and after cooking. Bologna slices were 
tempered to room temperature. Two samples per replicate were measured for break strength 
using a cross bar and platform with a gap distance of 5.1 cm attached to a Texture Analyzer 
TA.HD Plus (Texture Technologies Corp., Scardsale, NY; Stable Microsystems, Godalming, 
UK). The crossbar speed was 10 mm/second, and load cell capacity was 100 kg. Starting 2.54 cm 
above the sample, the crossbar descended and exerted sufficient force necessary to fracture the 
sample. This force was recorded, measurements were averaged between patties or slices in 
replicate, and values were reported as kg of force (1 kg force = 9.81 N).  
Texture Profile Analysis 
 Two fresh sausage patties per replicate were cooked similar to those for break strength 
analysis. Two smoked sausages and one bologna slice per replicate were used for texture 
analysis according to the methods of (Bourne, 1978). Smoked sausages were cooked by heating 
water to 100 ˚C in an electric skillet (Hamilton Beach model 38540, Hamilton Beach, Southern 
Pines, NC), turning off the heat, and cooking smoked sausages for 10 minutes to an internal 
temperature of 155 ˚C. Samples cooled at 4 ˚C for 45 minutes. Cook loss was determined for 
both fresh and smoked sausage by weighing samples before cooking and after cooling. Two 
cores (2.54 cm diameter) from each fresh sausage patty were collected. For smoked sausage, two 
2.54 cm long pieces were removed from 25% and 75% the length of the sausage. Six cores (2.54 
cm diameter) from each bologna slice were used.  
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Texture profile analysis was conducted using a Texture Analyzer TA.HD Plus (Texture 
Technologies Corp., Scardsale, NY; Stable Microsystems, Godalming, UK) with a 5.08 cm 
diameter plate, constant cross-head speed of 5 mm/second, and load cell capacity of 100 kg. 
Samples were compressed in two consecutive cycles at 75% of samples’ original height with 2 
second interval between cycles. A force-time curve was plotted and peak forces for the first and 
second compressions were designated to calculate hardness, fracturability, adhesiveness, 
springiness, cohesiveness, chewiness, and resilience. Texture profile analysis was determined on 
each core, and average values for cores were calculated for each replicate.  
Warner Bratzler Shear Force 
 Warner Bratzler shear force (WBSF) was measured from smoked sausage and bologna. 
Two links per repetition were used for smoked sausage, and one bologna slice was used. Smoked 
sausage and bologna samples were prepared similar to texture profile analysis to obtain smoked 
sausage sections with intact casing and bologna cores.  Samples were sheared using a Texture 
Analyzer TA.HD Plus (Texture Technologies Corp., Scardsale, NY; Stable Microsystems, 
Godalming, UK) with a blade speed of 10 mm/second and a load cell capacity of 100g. Shear 
force was determined on each sample section or core, and the average was reported as kg of 
force.   
Water Holding Capacity 
 Raw batter samples were used to study the effects of water holding capacity, which was 
accomplished using a modified centrifuge method described by (Tavárez, et al., In review). 
Measurements were reported as percentage water loss.  
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Benchtop pH Analysis 
 Raw smoked sausage, fresh sausage, and bologna samples collected just before stuffing 
were used for benchtop pH analysis. Five gram samples were weighed into a 50 ml conical tube 
with 20 ml of deionized water. Samples were homogenized for 30 seconds with a Brinkmann 
homogenizer (Model PT 10/35, Brinkmann Instruments Inc., Wesbury, NJ) and pH was 
determined using an automatic temperature compensation, epoxy-body probe attached to a bench 
meter (Model 501, Eutech Instruments, Singapore) calibrated to 3 points (pH 4,7 and 10).  
Sensory Evaluation 
 Sensory evaluation was conducted on all three sausage products using a trained panel 
composed of individuals from the University of Illinois Meat Science Laboratory with past 
experience in evaluating sausage products. Fresh and smoked sausage panels consisted of six 
members, and bologna panel was evaluated by nine trained members. Panelists were trained 
according to guidelines of American Meat Science Association (1995). Eight samples were 
evaluated per panel providing 2 panels for smoked and fresh sausage and 1 panel for bologna. 
Panelists were trained for each product separately, and evaluation of the product was performed 
on the same day as training. Panelists were separated by booths and evaluated sausage products 
under red lighting. Water and unsalted crackers were provided between each sampling. Panelists 
were instructed to remain consistent with swallowing or expectorating samples. Bologna slices 
(0.3 cm thick) were sectioned into eighths, and sections were served at refrigeration temperature 
to each panelist. Panelists evaluated each slice using a 15 cm unstructured line scale anchored at 
the center and both ends with 0 being grainy, soft, no mouth coating, and no off flavor. Gummy, 
firm, extreme coating and intense off flavor were at 15 cm; thus, mouth feel, texture, mouth 
coating and off flavor was determined. Fresh sausage were prepared in the same manner as break 
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strength analysis, sectioned into eighths, and served warm to panelists. Smoked sausage were 
prepared in the same manner as texture profile analysis, sectioned into sixths, and served warm 
to panelists. Panelists evaluated fresh and smoked sausage for juiciness, texture and off flavor 
using a 15 cm unstructured line scale. The 0 cm anchor was extremely dry, crumbly, and no off 
flavor while the 15 cm anchor was extremely moist, chewy, and extremely intense off flavor.  
Visual Evaluation 
 Photographs were taken of fresh sausage patties and smoked sausage links, both external 
and internal views, using a Nikon D3000 digital camera (Nikon Corp., Japan). Pictures were 
captured on a solid blue background at an equal distance away from the camera. Images were 
cropped to remove identification tags and randomized. A seven-member trained panel evaluated 
fresh sausage for fat smearing, fat particle size, and lean color using a 15 cm unstructured scale 
anchored at both ends and the middle. No smearing, no visible particle size, and pale pink lean 
color were at 0 cm, while 15 cm was extreme smearing, large particle size and dark red/brown 
lean color. Panelists were provided with standards (Appendix B) at three values of fat smearing 
and three values of fat particle size during evaluation. Smoked sausages were evaluated for 
external color, fat distribution and fat particle size with 0 cm being pale brown, uniform fat 
distribution, and not visible particle size. Dark brown, extremely clumped, and large particle size 
were at 15 cm. Panelists were provided with standards (Appendix B) at three values for each 
trait. Panelists evaluated all images during a panel, and two panels were evaluated to provide a 
complete replication for smoked and fresh sausage visual evaluations.  
Statistical Analysis 
 Fatty acid, processing and texture analysis data for fresh and smoked sausage were 
analyzed using the mixed procedure in SAS 9.2 (SAS Institute Inc., Cary, NC) with the fixed 
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effects of fat source and oil inclusion as well as their interaction. Bologna fatty acid, processing, 
and texture analysis data were analyzed using the mixed procedure in SAS with the fixed effect 
of fat source. In panel evaluation data, outliers were identified using univariate procedure of SAS 
as more than 3 standard deviations away from mean. After outliers were removed from sensory 
and visual evaluation data, means for each treatment combination were calculated using means 
procedure  in SAS. Sensory and visual evaluation means were then analyzed with the mixed 
procedure in SAS. The fixed effect of oil inclusion, fat source, and their interaction as well as the 
random effect of panel was used for smoked and fresh sausage. Bologna sensory evaluation 
included only the fixed effect of source. For analysis of TBARS, the repeated and compound 
symmetric covariate structure option of mixed procedure was used to determine the effect of 
treatment over weeks of frozen storage. Also, TBARS analysis was sliced by week to determine 
treatment differences within each frozen storage time point. Least square means and standard 
error were calculated for all data using the LS means statement.  Interaction means are reported 
in fresh and smoked sausage tables. Main effect means are provided for bologna traits.  For 
significant interactions (P < 0.05), the pdiff option was used to provide mean separations. 
Differences were deemed significant at P-value < 0.05, and trends were noted at P-value < 0.10. 
RESULTS 
Fatty Acid Profile 
 There were no interactions (P ≥ 0.30) for fatty acid profile between fat source and oil 
inclusion for fresh sausage (Table 2).   Fatty acids not altered by oil inclusion or fat source were 
C20:4 and C22:1 (P ≥ 0.18). Both oil inclusion during processing and use of fat from pigs fed 
DDGS resulted in decreased (P ≤ 0.03) concentrations of C14:0, C16:0, C16:1, C18:1n-9, and 
C20:2 compared to fat from pigs fed a control diet and sausages without oil included during 
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processing. Oil inclusion in sausages also decreased (P c 0.02) concentrations of C18:0, C18:1n-
7, and C20:1 compared to sausage manufactured without oil. While C18:2n-6 was increased (P < 
0.01) by both the use of fat from pigs fed DDGS and including oil during processing, oil 
inclusion also increased (P ≥ 0.04) C18:2n-6, C18:3n-3, and C20:0 concentrations of fresh 
sausage. Differences in individual fatty acids resulted in changes in total saturated fatty acid 
(SFA), total monounsaturated fatty acids (MUFA), and total polyunsaturated fatty acids (PUFA) 
as well as their ratios and calculated iodine values. Fat from pigs fed DDGS and including oil 
during processing both decreased total SFA, decreased total MUFA, and increased total PUFA 
concentrations in fresh sausage (P < 0.01). Thus, ratios of UFA:SFA and PUFA:SFA were 
increased (P < 0.01) by feeding DDGS and oil inclusion. Iodine values were calculated as 62, 65, 
68, and 72 for control diet, DDGS diet, control diet + oil inclusion, and DDGS diet + oil 
inclusion, respectively. Oil inclusion during processing and fat from pigs fed DDGS both 
effectively increased (P < 0.01) IV in fresh sausage, and their effects were additive.  
 A similar effect of fat source and oil inclusion on fatty acids was observed in smoked 
sausage (Table 3). There was a single interaction (P = 0.05) between oil inclusion and fat source 
for C20:2 suggesting a greater reduction of C20:2 from oil inclusion when combined with fat 
from pigs fed DDGS compared to fat from pigs fed a control diet.  Both oil inclusion and fat 
from pigs fed DDGS decreased (P ≤ 0.02) concentrations of C14:0, C16:0, C16:1, and C18:1n-9 
compared to smoked sausages without oil included and fat from pigs fed a control diet. 
Additionally, smoked sausage with oil included during processing had decreased (P < 0.01) 
C18:0, C20:1 and C20:2. Both oil inclusion and fat from pigs fed DDGS increased (P < 0.01) 
levels of C18:2n-6 and C18:3n-3 while only fat from pigs fed DDGS increased (P < 0.01) levels 
of C20:1, C20:2, and C20:4 compared to fat from pigs fed a control diet. Total SFA and MUFA 
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concentrations were decreased (P < 0.01) by both feeding DDGS to pigs and including oil during 
sausage processing, whereas total PUFA concentrations were increased (P < 0.01) by both 
treatment effects. Thus, the ratio of UFA:SFA and PUFA:SFA were increased (P < 0.01) by oil 
inclusion during processing and feeding DDGS to pigs in smoked sausage. Iodine values for 
smoked sausage were calculated as 63, 66, 71 and 74 for control fat, DDGS fat, control fat + oil, 
and DDGS fat + oil, respectively. Oil inclusion and fat from pigs fed DDGS altered fatty acid 
profiles and increased (P < 0.01) IV in smoked sausage. Similar to fresh sausage, the effects of 
fat source and oil inclusion were additive.  
 Bologna fatty acid profile is depicted in Table 4. Fat from pigs fed DDGS decreased (P < 
0.01) C14:0, C16:0 and C18:0 with a trend (P = 0.06) for decreased C16:1, and fat from pigs fed 
DDGS increased (P ≤ 0.02) C18:1n-9, C18:1n-7, C18:2n-6, C20:0, C20:1, C20:2 and C20:4. 
Thus, feeding DDGS decreased (P < 0.01) the concentration of total SFA in bologna, whereas 
total MUFA and PUFA concentrations were increased (P < 0.01) in bologna. Ratios of 
UFA:SFA and PUFA:SFA were both increased (P < 0.01) by fat from pigs fed DDGS compared 
to fat from pigs fed a control diet. Iodine values were increased (P < 0.01) from 59 to 65 when 
cull sow diets were changed from control to DDGS.   
Processing 
 The effects of fat source and oil inclusion on fresh sausage processing and quality 
characteristics are displayed in Table 5. Despite attempts to maintain homogenous temperatures 
during grinding and mixing, there was a trend (P = 0.06) for increased grind temperature when 
using fat from pigs fed DDGS, and mixing temperature was increased (P = 0.04)  in fresh 
sausage with oil including during processing. As expected with the use of a master lean source, 
pH was not affected (P > 0.13) by treatment, and all treatment combinations were approximately 
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pH 5.5.  Oil inclusion increased (P = 0.04) percentage of lipid in the raw product.  Fat source did 
not affect moisture or lipid content. A single interaction (P = 0.05) for processing and quality 
traits in fresh sausage was observed for water loss. Oil inclusion combined with control fat did 
not alter water loss, while water loss was increased approximately 3 percentage units when oil 
was combined with fat from pigs fed DDGS.  Objective color scores for L* were increased (P = 
0.01) by oil inclusion while a* and b* were not affected (P > 0.10). Fat source did not affect 
objective color (P > 0.80). Cook loss was decreased (P = 0.01) approximately 10% when fat 
from pigs fed DDGS was used, but cook loss was not altered by oil inclusion (P = 0.15).  
 Smoked sausage processing and quality characteristics are depicted in Table 6. Grinding 
temperature was increased (P < 0.01) in sausages with fat from pigs fed DDGS, and there was a 
trend (P = 0.06) for increased grind temperature in product with oil included during processing. 
Mixing temperature was not effected by either oil inclusion or fat source (P ≥ 0.11). There were 
interactions between fat source and oil inclusion for diameter change (P = 0.05) and length 
change (P = 0.01). Both diameter and length change of smoked sausage were not altered when 
oil was combined with control fat yet when oil was combined with fat from pigs fed DDGS 
sausages plumped less and shortened more.  However, there were not significant main effects for 
diameter or length change (P ≥ 0.13). Smoke loss and total cook loss were both affected by 
interactions of fat source and oil inclusion (P ≤ 0.04). In each case, oil inclusion reduced water 
loss but to lesser extent when combined with fat from pigs fed DDGS compared with fat from 
pigs fed a control diet. Fat from pigs fed DDGS reduced (P < 0.01) water loss compared to fat 
from pigs fed a control diet and did not alter any other water-binding traits of smoked sausage (P 
> 0.18). Other processing characteristics did not have interactions between fat source and oil 
inclusion (P ≥ 0.05). The pH of all treatment combinations was approximately 5.6, and 
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proximate composition of raw smoked sausage was affected by treatment. Lipid percentage of 
raw product was decreased (P = 0.03) by fat from pigs fed DDGS and increased (P = 0.01) by oil 
inclusion during processing. Lipid percentage of cooked product displayed a trend (P = 0.08) for 
being decreased by fat from pigs fed DDGS, and moisture percentage of cooked product was 
increased (P = 0.04) by feeding DDGS. Neither internal nor external objective color of smoked 
sausage links were altered by fat source or oil inclusion (P > 0.25).  
 Bologna processing and quality characteristics are displayed in Table 7. Chop 
temperature, diameter change, length change, pH, and internal objective color were not altered 
by fat source (P ≥ 0.21). Cook loss percentage was increased (P = 0.01) almost 2 percentage 
units by fat from pigs fed DDGS while water loss was unchanged (P = 0.62). Lipid content was 
less (P < 0.01) and moisture content was greater (P < 0.01) in bologna containing fat from pigs 
fed DDGS compared to fat from pigs fed a control diet.  
Texture Analysis 
 The effect of fat source and oil inclusion on fresh sausage texture analysis can be found 
in Table 8. There was an interaction (P = 0.03) between fat source and oil inclusion for break 
strength as oil inclusion decreased break strength 65% when combined with fat from pigs fed a 
control diet but there was no change when oil was combined with fat from pigs fed DDGS. No 
other interactions existed for fresh sausage texture analysis traits (P ≥ 0.27). Using texture profile 
analysis, oil inclusion decreased (P ≤ 0.04) hardness, springiness, and chewiness. Moreover, fat 
from pigs fed DDGS resulted in decreased (P = 0.02) values for hardness. No effect of fat source 
or oil inclusion was observed for texture profile analysis traits of adhesiveness, fracturability, 
cohesiveness, or resilience in fresh sausage (P > 0.08).  
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 Smoked sausage texture analysis results are displayed in Table 9. Interactions between oil 
inclusion and fat source occurred for texture profile analysis traits of force (P = 0.05), hardness 
(P < 0.01), fracturability (P = 0.05), and chewiness (P = 0.02). Hardness, fracturability, and 
chewiness all displayed the same interactions with traits decreased with oil when combined with 
fat from pigs fed a control diet while not altered with oil inclusion and fat from pigs fed DDGS. 
Although significant interactions, fracturability and chewiness did not have significant main 
effects for either fat source or oil inclusion (P ≥ 0.15). Hardness was affected by oil inclusion (P 
= 0.04) yet not altered by fat from pigs fed DDGS (P = 0.57). Other texture analysis traits of 
shear force, adhesiveness, springiness, cohesiveness and resilience did not have interactions 
between fat source and oil inclusion (P > 0.05).  Shear force was decreased (P = 0.04) by fat 
from pigs fed DDGS while cohesiveness and resilience were increased (P ≤ 0.03) by fat from 
pigs fed DDGS compared to fat from pigs fed a control diet.  
 The effects of fat source on bologna texture analysis are depicted in Table 10. Shear force 
of bologna was increased (P = 0.02) by fat from pigs fed DDGS compared to fat from pigs fed a 
control diet. Fat source did not affect break strength or any texture profile analysis traits (P ≥ 
0.12) 
TBARS 
 Lipid oxidation of fresh sausage increased from 2 to 10 weeks in control, DDGS, and 
DDGS + oil treatments (P < 0.05) as well as increased from 2 to 15 weeks in sausages with 
control + oil, DDGS, and DDGS + oil treatments (P < 0.05) according to TBARS analysis 
(Figure 1). There were no differences (P > 0.05) between treatments at 2 weeks of frozen 
storage, but sausage from pigs fed DDGS had greater (P < 0.05) TBARS values at 5, 10 and 15 
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weeks. Interestingly, TBARS values for fresh sausage made without oil were reduced between 
10 and 15 weeks of frozen storage.  
Sensory and Visual Evaluation 
No interactions (P ≥ 0.07) between oil inclusion and fat source occurred for fresh and 
smoked sausage sensory evaluation (Table 11).  Juiciness and off-flavor of fresh sausage and 
juiciness of smoked sausage were unaffected by fat source or oil inclusion (P ≥ 0.37). Texture, 
however, was influenced by both treatment types. In fresh sausage, oil inclusion reduced texture 
scores (P < 0.01) while fat from pigs fed DDGS tended (P = 0.06) to increase texture scores 
compared to fat from pigs fed a control diet. Overall, texture scores of fresh and smoked sausage 
were reduced (P < 0.06) by fat from pigs fed DDGS and oil inclusion during processing. No 
differences (P ≥ 0.19) in bologna mouthfeel, texture, or mouth fat-coating were observed from 
sensory evaluation (Table 12). Because no off-flavor was detected for any smoked sausage or 
bologna samples, zero values are not depicted in tables.  
The effects of fat source and oil inclusion on visual evaluation of fresh and smoked 
sausage are displayed in Table 13. In fresh sausage, interactions between fat source and oil 
inclusion occurred for fat smearing and fat particle size (P < 0.01). Addition of oil to fat from 
pigs fed a control diet increased (P < 0.05) fat smearing scores and decreased (P < 0.01) fat 
particle size while oil inclusion combined with fat from pigs fed DDGS did not alter fat smearing  
or fat particle size (P > 0.05). Lean color of fresh sausage was not affected by fat source (P = 
0.45) but was decreased with oil inclusion (P < 0.01). In smoked sausage, an interaction (P = 
0.01) between oil inclusion and fat source for external color caused a greater decrease in external 
color when oil was combined with DDGS fat compared to control fat. Fat distribution in smoked 
sausage was decreased by both oil inclusion and fat source (P < 0.01).  Smoked sausage fat 
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particle size were decreased by oil inclusion (P < 0.01) but was not altered by fat source (P = 
0.51).  
DISCUSSION 
 Our strategy to increase IV of pork fat using 50% DDGS for 42 days in culls sows was 
not as effective as anticipated, likely due to de novo fat synthesis preventing a greater accretion 
of PUFA into pork adipose tissue. Thus, we included corn oil in sausage products during 
processing to increase IV of sausage products. Using fat from pigs fed a diet with increased 
PUFA or including oil in sausage products has effectively increased PUFA levels in various 
sausage products (Choi, et al., 2010; Guillevic, et al., 2009; Houben, 1980; St. John, et al., 1986; 
Wert, et al., 2009). Other feeding strategies may have been used for a longer duration or higher 
level of PUFA to elicit a greater response of UFA in pork fat. However, both DDGS and corn oil 
contain a high percentage of C18:2n-6 which was incorporated into sausage products and 
increased total PUFA content and IV of fresh, smoked, and bologna sausages. This was expected 
as reported by Stein and Shurson (2009), feeding DDGS increases IV of pork fat. We observed a 
similar result of treatment in fresh and smoked sausage on fatty acid profile, which was expected 
as these products were formulated from the same master batches. Differences in fatty acid profile 
of bologna are a result of the use of internal fat, a more saturated fat source, in product 
formulation.  
 No processing defects were observed in our study. These results are in disagreement with 
several authors who found replacement of pork backfat with olive oil, an unsaturated lipid 
source, in fermented sausages resulted in fatting out, casing separation, and excessive fat 
dripping from product during processing (Bloukas, et al., 1997; Muguerza, et al., 2001). 
Increased unsaturation of fat is generally viewed as detrimental to processing yields, however 
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several authors have reported improvements in yields of sausage products when increased levels 
of UFA have been used (Choi, et al., 2010; St. John, et al., 1986; Teye, Wood, Whittington, 
Stewart, & Sheard, 2006). High levels of unsaturated fat are more appropriate in emulsion-type 
sausage products than fermented sausages, especially in regards to processing yields; however, it 
is not well understood why this occurs. Although we did not observe improved processing yields 
for bologna or fresh sausage when comparing fat sources, water-binding properties of smoked 
sausage were improved by DDGS fat and oil inclusion.  
Both fat source and oil inclusion did affect various product quality traits associated with 
sausage. Increased unsaturation of fat in fresh and smoked sausage products generally led to a 
softer texture, which has been observed in other studies which fed dietary fat to pigs or included 
oil during processing (Bloukas, et al., 1997; Muguerza, et al., 2001; Shackelford, et al., 1990). 
However, the observed changes in smoked sausage texture profile indicate that the use of fat 
from pigs fed DDGS results in sausage with better resistance to structure failure or breakage. 
Although no differences were detected in bologna texture profile analysis or sensory texture 
evaluation in our study, a study evaluating increased levels of PUFA in bologna found increased 
firmness scores compared to product with decreased PUFA content (Houben, 1980). However, 
increasing unsaturation in frankfurters using canola oil also found no differences in sensory 
firmness scores (St. John, et al., 1986). Our results also suggest use of more unsaturated fat has 
less effect on texture in emulsion-type sausages than other sausage products, which often become 
softer with increased UFA.   
Storage stability of products can be analyzed by sensory evaluation or chemical analysis 
as rancid flavor can be an issue in sausage products with increased UFA content (Houben, 1980; 
Sheard, Enser, Wood, Nute, Gill, et al., 2000; St. John, et al., 1986). In our study, treatment had 
43 
 
no effect on off-flavor scores of any sausage treatment according to sensory evaluation. 
Although lipid oxidation was increased over frozen storage time for all treatments, all TBARS 
values in this study, as well as other studies with increased unsaturation in sausage products, 
were below the acceptable 0.5 mg MDA/ kg meat limit (Choi, et al., 2010; Severini, et al., 2003). 
However, increased unsaturation does have the ability to increase lipid oxidation above 
acceptable level in sausage products (Bloukas, et al., 1997; Bryhni, et al., 2002). In our study, the 
increase in lipid oxidation during frozen storage was less drastic with oil inclusion and is likely 
the result of antioxidants present in the corn oil. Another study including corn oil in bologna also 
found no effect on lipid oxidation and suggested antioxidants limited the extent of oxidation 
(Bishop, et al., 1993). In the present study, sausage products manufactured using fat from DDGS 
fed pigs had the greatest TBARS values which indicates the potential shelf-life problems when 
feeding a highly unsaturated fat source. However, proper storage and packaging of these 
products can slow lipid oxidation in fresh sausage and still provide a desirable product for 
consumer.  
Increased unsaturation fat from treatment also affected color and visual appearance of 
fresh and smoked sausage products. Visual evaluation and Minolta L* values agreed that fresh 
sausage with added oil were lighter in color Although no differences were found in Minolta color 
scores for smoked sausage, visual evaluation determined that external color of sausage is lighter 
when oil is included during processing. However, increase in fat unsaturation from the DDGS 
diet did not alter color of fresh or smoked sausages which was also observed in fresh sausages 
from pigs fed dietary fat (Miller, Ahmed, Shackelford, Haydon, & Reagan, 1993). Color is an 
important quality attribute for consumers when purchasing meat products and changes to color 
may reduce consumer acceptability. The lighter color observed in fresh and smoked sausage 
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when oil was included may negatively affect consumer acceptability. However, feeding dietary 
ingredients to swine that increase fat unsaturation can be used without changes to sausage color.  
Fat smearing was observed in fresh sausage and was increased by inclusion of oil or fat 
from pigs fed DDGS. Fresh sausage without oil inclusion and made with fat from pigs fed a 
control diet had a fat smearing score approximately 3 units less than all other treatment 
combinations. This indicates that any increase in unsaturation, regardless of the method used, 
causes fat smearing in fresh sausage. This agrees with results from fresh sausage manufactured 
with fat from pigs fed 30% DDGS (Varnold, 2009). However, bratwurst made with fat from cull 
gilts fed 100% DDGS for 14 days did have a smeared fat appearance, but smearing was only 
identified by general visual comparison (Legan, et al., 2007). There is not a standard way to 
investigate fat smearing in sausage products, and published data on consumer acceptability of 
products with fat smearing is minimal. However, our method using a trained panel and standards 
confirms the belief that increased UFA leads to fat smearing in fresh sausage and may be an 
appropriate method for further determination of fat smearing.  
In conclusion, fatty acid profile was altered from both feeding DDGS and from oil 
inclusion during product formulation of sausages. Iodine values remained below 74 g/100 g, 
which is a typical industry maximum acceptable level (DeRouchey, Tokach, Dritz, Goodband, & 
Nelssen, 2010). Although texture, sensory and storage stability were affected by fat treatments, 
changes were minimal and would still provide acceptable quality and shelf-life for consumers. 
Differences in processing, color, and fat appearance from increased unsaturation may be large 
enough magnitude to negatively affect processors or decrease consumer product acceptability. 
Use of fat with increased UFA is generally more suitable for emulsion-type sausages, especially 
in terms of processing and texture characteristics of sausage.  
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TABLES AND FIGURES 
 
 
 
  
Table 1. Effect of diet on IV and proximate composition of raw materials from sows 
  Carcass Treatment IV Fat, % Moisture, % 
Fat Trim
a
 1 CONTROL 65 86.7 10.8 
 
2 CONTROL 66 88.6 10.1 
 
3 DDGS 74 85.1 12.5 
 
4 DDGS 70 85.4 11.8 
 
5 DDGS 73 79.1 16.7 
Internal Fat 1 CONTROL 58 92.3 7.0 
 
2 CONTROL 59 95.1 4.7 
 
3 DDGS 69 92.5 7.0 
 
4 DDGS 71 94.5 5.1 
  5 DDGS 71 95.4 3.4 
a
 Subcutaneous and intermuscular fat tissue 
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Table 2. Fatty Acid Profile of Fresh Sausage  
 
0% Oil  14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
C14:0 1.31 1.19 
 
1.17 1.07 0.02 <0.01 <0.01 0.60 
C16:0 22.94 21.45 
 
21.47 20.43 0.22 <0.01 <0.01 0.32 
C16:1 2.39 2.03 
 
2.18 1.84 0.05 <0.01 <0.01 0.77 
C18:0 11.19 10.85 
 
9.97 9.87 0.21 0.33 <0.01 0.59 
C18:1 n9 43.05 42.39 
 
41.74 40.41 0.39 0.03 <0.01 0.42 
C18:1 n7 4.45 4.42 
 
4.14 3.85 0.17 0.36 0.02 0.45 
C18:2 n6 11.85 14.24 
 
16.29 19.35 0.39 <0.01 <0.01 0.39 
C18:3 n3 0.39 0.41 
 
0.46 0.49 0.03 0.47 0.04 0.88 
C20:0 0.24 0.26 
 
0.27 0.28 0.01 0.09 0.02 0.42 
C20:1 1.35 1.43 
 
1.24 1.27 0.04 0.17 <0.01 0.56 
C20:2 0.73 0.90 
 
0.66 0.81 0.03 <0.01 0.01 0.68 
C20:4 0.24 0.26 
 
0.23 0.25 0.01 0.18 0.49 0.60 
C22:1 0.12 0.16 
 
0.16 0.10 0.09 0.92 0.92 0.65 
SFA
a
 35.56 33.76 
 
32.88 31.65 0.35 <0.01 <0.01 0.43 
MUFA
b
 51.33 50.42 
 
49.44 47.46 0.49 0.01 <0.01 0.30 
PUFA
c
 13.11 15.83 
 
17.64 20.9 0.41 <0.01 <0.01 0.51 
UFA:SFA
d
 1.81 1.97 
 
2.04 2.16 0.03 <0.01 <0.01 0.62 
PUFA:SFA
e
 0.37 0.47 
 
0.54 0.66 0.01 <0.01 <0.01 0.50 
AOCS IV
f
 61.98 65.34 
 
68.47 72.39 0.50 <0.01 <0.01 0.59 
a 14:0 + 16:0 + 18:0 +20:0 
b 16:1 + 18:1n-9 + 18:1n-7 + 20:1 + 22:1 
c 18:2n-6 + 18:3n-3 + 20:2  
d (Total MUFA + Total PUFA)/Total SFA 
e Total PUFA/Total SFA 
f Equation: (0.95*16:1)+ (0.86*18:1n-9) + (1.732*18:2n-6) + (2.616*18:3n-3) + (1.795*20:1) + (0.723*22:1) 
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Table 3. Fatty Acid Profile of Smoked Sausage  
 
0% Oil 14% Oil 
 
P-Value 
  Control  DDGS   Control DDGS SEM Source Oil Interaction 
C14:0 1.34 1.18 
 
1.12 1.04 0.03 <0.01 <0.01 0.19 
C16:0 22.77 21.28 
 
20.96 19.94 0.22 <0.01 <0.01 0.31 
C16:1 2.46 2.03 
 
2.10 1.82 0.05 <0.01 <0.01 0.16 
C18:0 11.03 10.97 
 
9.76 9.73 0.16 0.79 <0.01 0.94 
C18:1 n9 43.92 42.63 
 
41.43 40.45 0.43 0.02 <0.01 0.73 
C18:1 n7 4.17 4.13 
 
4.05 3.76 0.12 0.18 0.06 0.33 
C18:2 n6 12.15 14.73 
 
17.93 20.30 0.30 <0.01 <0.01 0.73 
C18:3 n3 0.33 0.40 
 
0.42 0.48 0.01 <0.01 <0.01 0.60 
C20:0 0.25 0.25 
 
0.27 0.27 0.01 0.78 0.01 0.96 
C20:1 1.30 1.37 
 
1.16 1.19 0.01 0.01 <0.01 0.18 
C20:2 0.74
c
 0.93
a
 
 
0.68
d
 0.81
b
 0.01 <0.01 <0.01 0.05 
C20:4 0.25 0.28 
 
0.24 0.28 0.01 <0.01 0.66 0.76 
SFA
a
 35.32 33.56 
 
32.05 30.99 0.34 <0.01 <0.01 0.32 
MUFA
b
 51.54 50.17 
 
48.73 47.22 0.29 <0.01 <0.01 0.80 
PUFA
c
 13.14 16.27 
 
19.22 21.8 0.29 <0.01 <0.01 0.36 
UFA:SFA
d
 1.83 1.98 
 
2.12 2.23 0.03 <0.01 <0.01 0.51 
PUFA:SFA
e
 0.37 0.49 
 
0.60 0.70 0.01 <0.01 <0.01 0.71 
AOCS IV
f
 62.59 66.25 
 
70.70 73.88 0.59 <0.01 <0.01 0.69 
a 14:0 + 16:0 + 18:0 +20:0 
b 16:1 + 18:1n-9 + 18:1n-7 + 20:1 + 22:1 
c 18:2n-6 + 18:3n-3 + 20:2  
d (Total MUFA + Total PUFA)/Total SFA 
e Total PUFA/Total SFA 
f Equation: (0.95*16:1)+ (0.86*18:1n-9) + (1.732*18:2n-6) + (2.616*18:3n-3) + (1.795*20:1) + (0.723*22:1) 
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Table 4. Fatty Acid Profile of Bologna  
     
P-value 
  Control DDGS   SEM Source 
C14:0 1.48 1.28 
 
0.01 <0.01 
C16:0 25.29 22.57 
 
0.20 <0.01 
C16:1 2.23 2.16 
 
0.02 0.06 
C18:0 13.39 11.25 
 
0.26 <0.01 
C18:1 n9 39.02 41.37 
 
0.22 <0.01 
C18:1 n7 3.74 3.92 
 
0.04 0.02 
C18:2 n6 12.51 14.35 
 
0.15 <0.01 
C18:3 n3 0.39 0.38 
 
0.01 0.39 
C20:0 0.24 0.31 
 
0.01 <0.01 
C20:1 0.93 1.30 
 
0.01 <0.01 
C20:2 0.56 0.84 
 
0.01 <0.01 
C20:4 0.22 0.25 
 
0.004 <0.01 
SFA
a
 40.39 35.41 
 
0.42 <0.01 
MUFA
b
 45.93 48.75 
 
0.29 <0.01 
PUFA
c
 13.68 15.84 
 
0.17 <0.01 
UFA:SFA
d
 1.48 1.82 
 
0.03 <0.01 
PUFA:SFA
e
 0.34 0.45 
 
0.01 <0.01 
AOCS IV
f
 59.11 64.50 
 
0.46 <0.01 
a 14:0 + 16:0 + 18:0 +20:0 
b 16:1 + 18:1n-9 + 18:1n-7 + 20:1 + 22:1 
c 18:2n-6 + 18:3n-3 + 20:2  
d (Total MUFA + Total PUFA)/Total SFA 
e Total PUFA/Total SFA 
f Equation: (0.95*16:1)+ (0.86*18:1n-9) + (1.732*18:2n-6) + (2.616*18:3n-3) + 
(1.795*20:1) + (0.723*22:1) 
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Table 5. Effect of fat source and oil inclusion on fresh sausage processing characteristics 
 
0% Oil  14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
Grind Temperature (°C) 6.59 7.85 
 
6.51 8.14 0.68 0.06 0.88 0.79 
Mix Temperature (°C) 4.66 4.88 
 
5.83 5.67 0.42 0.94 0.04 0.66 
pH 5.50 5.51 
 
5.47 5.49 0.01 0.56 0.13 0.67 
Proximate Composition 
                Moisture, Raw (%) 58.84 58.92 
 
57.54 57.89 0.55 0.70 0.06 0.81 
       Lipid, Raw (%) 22.01 22.07 
 
23.81 23.40 0.69 0.80 0.04 0.75 
Water Loss (%)
a
 13.14
ab
 11.46
b
 
 
12.37
ab
 14.33
a
 0.84 0.87 0.23 0.05 
Cook Loss
 
(%)
b
 28.01 25.06 
 
29.24 26.42 0.86 0.01 0.15 0.94 
Internal Color 
                 L* 48.28 49.52 
 
54.91 53.52 1.69 0.96 0.01 0.45 
        a* 13.09 13.15 
 
13.27 12.69 1.01 0.80 0.89 0.76 
        b* 9.79 10.57   12.68 11.79 1.15 0.96 0.10 0.48 
a Water Loss %:  ((initial tissue weight-final tissue weight)/(initial tissue weight))*100                                                        
b Cook Loss %: ((raw weight - cooked weight)/(raw weight))*100  
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Table 6. Effect of fat source and oil inclusion on smoked sausage processing characteristics 
 
0% Oil 14% Oil   P-Value 
 Control DDGS   Control DDGS SEM Source Oil Interaction 
Grind Temperature (°C) 5.87 7.10 
 
6.49 8.05 0.38 <0.01 0.06 0.68 
Mix Temperature (°C) 4.18 4.84 
 
4.95 5.31 0.36 0.19 0.11 0.69 
Diameter Change
 
(cm)
a
 0.10
ab
 0.17
a
 
 
0.12
ab
 0.08
b
 0.03 0.66 0.27 0.05 
Length Change (cm)
b
 0.05
b
 1.22
a
 
 
0.56
ab
 -0.11
b
 0.3 0.57 0.13 0.01 
Smoke Loss (%)
c
 9.36
a
 8.82
a
 
 
6.86
b
 8.30
a
 0.38 0.28 <0.01 0.03 
Chill Loss ( %)
d
 2.19 2.28 
 
2.35 2.55 0.19 0.44 0.27 0.78 
Total Cook Loss (%)
e
 11.34
a
 10.90
a
 
 
9.04
b
 10.69
a
 0.43 0.20 0.02 0.04 
Link Cook Loss %
f
 7.86 9.97 
 
4.95 8.36 1.94 0.18 0.27 0.74 
Water Loss (%)
g
 10.75 7.60 
 
10.36 7.79 0.82 <0.01 0.91 0.73 
pH 5.58 5.59 
 
5.61 5.57 0.01 0.37 0.71 0.09 
Proximate Composition 
                Moisture, Raw (%) 59.87 60.59 
 
59.31 59.86 0.33 0.08 0.08 0.80 
       Lipid, Raw (%) 20.91 20.03 
 
21.92 21.17 0.34 0.03 0.01 0.86 
       Moisture, Cooked (%) 54.97 56.02 
 
55.52 56.26 0.38 0.04 0.32 0.69 
       Lipid, Cooked (%) 23.85 23.15 
 
23.88 22.88 0.45 0.08 0.80 0.74 
External Color 
                 L* 45.28 46.18 
 
45.56 46.30 1.33 0.55 0.88 0.96 
        a* 20.49 21.60 
 
20.98 20.62 0.82 0.65 0.77 0.38 
        b* 23.60 27.48 
 
25.37 24.08 1.69 0.46 0.64 0.15 
Internal Color 
                 L* 56.41 55.51 
 
55.76 54.21 1.13 0.30 0.41 0.78 
        a* 15.84 16.28 
 
16.67 17.22 0.73 0.51 0.25 0.94 
        b* 8.62 8.02 
 
8.36 8.42 0.41 0.51 0.87 0.44 
a Diameter Change: cooked, chilled diameter - raw diameter            
b Length  Change: cooked, chilled length - raw length 
       c Smoke Loss %: ((total links raw weight - total links smoked weight)/(total links raw weight))*100 
   d Chill Loss %: ((total links smoked weight - total links chilled weight)/ (total links chilled weight))*100 
   e Total Cook Loss %: ((total links raw weight- total links chilled weight)/ (total links raw weight))*100 
   f Link Cook Loss %: ((individual link smoked weight - individual link reheated weight)/(total links smoked weight))*100 
  g Water loss %: ((initial tissue weight-final tissue weight)/(initial tissue weight))*100                                                                       
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Table 7. Effect of fat source on bologna processing characteristics 
     
P-value 
  Control DDGS   SEM Source 
Chop Temperature  (°C) 14.89 15.63 
 
0.39 0.23 
Diameter Change
a
 -0.02 -0.02 
 
0.02 1.00 
Length Change
b
 0.11 0.09 
 
0.03 0.59 
Cook Loss (%)
c
 3.96 5.72 
 
0.37 0.01 
Water Loss (%)
d
 3.72 4.20 
 
0.64 0.62 
pH 5.72 5.73 
 
0.01 0.43 
Moisture, Raw (%) 57.08 58.74 
 
0.30 <0.01 
Lipid, Raw (%) 21.98 20.40 
 
0.13 <0.01 
Moisture, Cooked (%) 55.28 56.84 
 
0.24 <0.01 
Lipid, Cooked (%) 27.22 25.09 
 
0.15 <0.01 
Internal Color 
             L* 75.13 74.81 
 
0.16 0.21 
        a* 9.75 9.7 
 
0.14 0.78 
        b* 8.54 8.51   0.14 0.90 
a Diameter Change: cooked and chilled diameter - raw diameter     
b Length  Change: cooked and chilled length - raw length 
   c Cook Loss %: (( raw weight -  cooked and chilled weight)/( raw weight))*100 
d Water Loss %: ((initial  weight-final  weight)/(initial  weight))*100.  
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Table 8. Effect of fat source and oil inclusion on fresh sausage texture analysis 
 
0% Oil  14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
Break Strength (kg) 1.30
a
 1.10
ab
 
 
0.45
c
 0.83
b
 0.11 0.46 <0.01 0.03 
Texture Profile Analysis 
                  Hardness (kg) 10.9 8.67 
 
8.57 7.05 0.70 0.02 0.02 0.62 
         Fracturability (g) 29.04 536.91 
 
30.08 844.80 347.85 0.08 0.66 0.67 
         Adhesiveness (g) -0.001 -0.006 
 
-0.003 -0.002 0.002 0.42 0.57 0.27 
         Springiness (g) 0.37 0.42 
 
0.31 0.34 0.03 0.15 0.04 0.70 
         Cohesiveness (g) 0.25 0.26 
 
0.26 0.28 0.01 0.15 0.38 0.86 
         Chewiness (kg) 10.23 9.49 
 
7.24 6.87 0.11 0.64 0.03 0.88 
         Resilience (g) 0.08 0.08   0.08 0.08 0.004 0.48 0.94 0.58 
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Table 9. Effect of fat source and oil inclusion on smoked sausage texture analysis 
 
0% Oil  14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
Shear Force (kg) 4.18 3.84 
 
4.71 3.70 0.32 0.04 0.51 0.27 
Texture Profile Analysis 
         
         Hardness (kg) 6.54
a
 5.20
b
 
 
4.56
b
 5.48
ab
 0.37 0.57 0.04 <0.01 
         Fracturability (kg) 5.67
a
 3.78
ab
 
 
3.41
b
 4.52
ab
 0.68 0.58 0.29 0.05 
         Adhesiveness (g) -0.001 -0.009 
 
-0.004 -0.03 0.01 0.08 0.27 0.35 
         Springiness (g) 0.41 0.38 
 
0.40 0.43 0.02 0.89 0.41 0.16 
         Cohesiveness (g) 0.17 0.20 
 
0.18 0.20 0.01 0.03 0.85 0.41 
         Chewiness (kg) 0.49
a
 0.41
ab
 
 
0.32
b
 0.46
a
 0.04 0.53 0.15 0.02 
         Resilience (g) 0.05 0.07   0.06 0.07 0.003 <0.01 0.26 0.56 
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Table 10. Effect of fat source on bologna texture analysis  
     
P-value 
  Control DDGS   SEM Source 
Break Strength (kg) 10.40 10.85 
 
0.44 0.49 
Shear Force (kg) 0.65 0.84 
 
0.04 0.02 
Texture Profile Analysis 
              Hardness (kg) 10.18 11.29 
 
0.43 0.12 
         Fracturability (kg) 7.07 8.28 
 
0.72 0.28 
         Adhesiveness (g) -0.01 -0.16 
 
0.004 0.24 
         Springiness (g) 0.58 0.60 
 
0.01 0.13 
         Cohesiveness (g) 0.18 0.18 
 
0.01 0.69 
         Chewiness (kg) 1.06 1.25 
 
0.08 0.14 
         Resilience (g) 0.06 0.07   0.004 0.54 
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Table 11. Effect of fat source and oil inclusion on fresh and smoked sausage sensory evaluation 
 
0% Oil 14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
Fresh    
         
         Juiciness
a
 9.55 9.27 
 
9.30 9.12 0.75 0.39 0.46 0.84 
         Texture
b
 7.71 8.03 
 
6.74 7.04 0.15 0.06 <0.01 0.96 
         Off-Flavor
c
 0.29 0.30 
 
0.31 0.35 0.10 0.59 0.42 0.65 
Smoked 
         
         Juiciness
a
 10.3 10.36 
 
10.16 9.99 0.97 0.86 0.37 0.68 
         Texture
b
 7.31
a
 6.58
b
   6.38
b
 6.30
b
 0.19 0.05 <0.01 0.07 
a Juiciness: 0 = extremely dry, 15 = extremely moist 
b Texture: 0 = crumbly, 15 = chewy 
c Off-Flavor: 0 = no off-flavor, 15 = extremely intense off flavor 
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Table 12. Effect of fat source on bologna sensory evaluation 
     
P-value 
  Control DDGS   SEM Source 
Mouthfeel
a
 8.03 8.04 
 
0.15 0.93 
Texture
b
 7.29 7.64 
 
0.17 0.19 
Mouth Coating
c
 1.51 1.35   0.17 0.51 
a Mouthfeel: 0 = grainy, 15= gummy 
b Texture: 0 = soft, 15= firm 
c Mouth Coating: 0 = no mouth coating, 15 = extreme coating 
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Table 13. Effect of fat source and oil inclusion on fresh and smoked sausage visual evaluation 
 
0% Oil  14% Oil   P-Value 
  Control DDGS   Control DDGS SEM Source Oil Interaction 
Fresh    
  
  
      
        Fat Smearing
a
 2.36
b
 5.70
a
 
 
5.57
a
 5.65
a
 0.38 <0.01 <0.01 <0.01 
        Fat Particle Size
b
 10.72
a
 8.78
b
 
 
6.40
c
 6.46
c
 0.58 <0.01 <0.01 <0.01 
        Lean Color
c
 8.12 7.71 
 
5.06 5.04 0.28 0.45 <0.01 0.50 
Smoked 
         
       External Color
d
 7.43
a
 7.69
a
 
 
5.69
b
 5.10
b
 0.32 0.30 <0.01 0.01 
       Fat Distribution
e
 8.74 7.69 
 
5.84 4.22 1.11 <0.01 <0.01 0.49 
       Fat Particle Size
b
 7.85 7.75   5.07 4.55 0.86 0.33 <0.01 0.51 
a Fat Smearing: 0 = no smearing, 15 = extreme smearing 
b  Fat Particle Size: 0 = no visible particle size, 15 = large particle size 
c  Lean Color: 0 = pale pink, 15 = dark red/brown 
d External Color: 0 = pale brown, 15 = dark brown 
e Fat distrubtion: 0 = uniform fat distribution, 15 = large particle size 
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Figure 1. Effect of fat source and oil inclusion on lipid oxidation of fresh sausage during frozen storage 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
P-values represent treatment differences at corresponding time point
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APPENDIX A 
 
Procedure for Fatty Acid Methyl Ester (FAME) Extraction 
 
1. Place 100 mg of fat samples in 15 ml glass conical tube with 4 ml of 0.5 N methanolic 
NaOH.  
2. Heat samples for 30 minutes at 90˚ C with vortexing at the midpoint.  
3. Cool samples to room temperature in a cool water bath  
4. Add 5 ml of BF3 methanol (14%)  
5. Heat samples again for 15 minutes at 90˚ C with vortexing at the midpoint. 
6.  Cool samples to room temperature 
7. Add 5 ml of isooctane to tubes.  
8. Add sufficient saturated NaCl solution (37 g of NaCl/ 100 ml of deionized water) to float 
the isooctane into the neck of the tube,  
9. Allow samples to sit for 10 minutes.  
10. Transfer clear, top layer containing fatty acid methyl esters (FAME) and isooctane to a 
scintillation vial containing 5 grams of anhydrous Na2SO4 and a crystal of BHT.  
11. Shake samples and allow to sit for 10 minutes.  
12. Hold samples at -80˚ C until analysis is conducted 
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APPENDIX B 
 
Standards for Visual Evaluation 
 
 
 
Figure B.1. Visual evaluation standard for fresh sausage fat particle size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fat particle size scale 0-15: 0 = no visible particle size, 15 = large particle size
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Figure B.2. Visual evaluation standard for fresh sausage fat smearing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fat smearing scale 0-15: 0 = no smearing, 15 = extreme smearing 
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         Figure B.3. Visual evaluation standard for smoked sausage fat distribution 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          Fat distribution scale 0-15: 0 = uniform fat distribution, 15 = large particle size 
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         Figure B.4. Visual evaluation standard of smoked sausage fat particle size 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Fat particle size scale 0-15: 0 = no visible particle size, 15 = large particle size 
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      Figure B.5. Visual evaluation of smoked sausage external color 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      External color scale 0-15: 0 = pale brown, 15 = dark brown 
 
 
 
 
